Geoneutrinos are antineutrinos produced in radioactive decays within Earth's interior. Those antineutrinos can be detected by inverse β-decays of protons, however, due to extremely small cross section, there were no feasible experiments for a long time.
Introduction
Geoneutrinos are electron antineutrinos (ν e ) produced in radioactive β-decays within Earth's interior. The primary contributors to the geo ν e flux are primordial radioactivities, 238 U, 232 Th, and 40 K. Those ν e 's have energies below 3.4 MeV, and a part of them can be captured by a neutrino detector via inverse β-decays of protons. However, due to extremely small cross section, there were no feasible experiments for a long time. In the late 1990s, plans of feasible experiments to detect geo ν e 's, KamLAND and Borexino, are suggested for the first time, and it encouraged the detailed calculations of geo ν e flux at each experimental site.
It is interesting to note that the geo ν e research initiated by particle physicists can extend geoscience knowledge. About four billion years ago, the Earth was assumed to be developed by primitive meteorite impacts, and gravitational energy was released through the metallic core separation. In addition to this primordial heat, the energy release by radioactive decays is a critical factor in the Earth's evolution. In reference to such geoscience interests, five big questions are introduced in [1] : (1) What are Earth's K/U and Th/U ratios? (2) Radiogenic heat contribution to heat flow? (3) Distribution of reservoirs in mantle? (4) Radiogenic elements in the core? (5) Nature of the core-mantle boundary? They are difficult to solve by conventional geophysical or geochemical approaches, but in the future, the geo ν e measurement will play a key role in answer all the questions. Currently, the questions (2) and (5) can be investigated by geo ν e detectors, KamLAND and Borexino.
Results of Geo Neutrino Experiments
KamLAND is located in Kamioka mine, Japan, at a depth of 1,000 m to suppress the cosmic-ray muon backgrounds. The primary target of ν e detection is 1,000 ton liquid scintillator (LS), and the scintillation light is viewed by Figure 1 . Time variation of expected and observed rates of ν e 's with energies above 3.4 MeV in KamLAND data over 10 years [5] . The vertical grey bands indicate deadtime during the liquid scintillator purification and the detector modification. The significant reduction of ν e flux from reactors after March 2011 earthquake (red dashed line) is remarkable, and provides a new opportunity of the "Reactor on-off" study for neutrino oscillations and geo ν e 's below 3.4 MeV. surrounding 1,879 PMTs. In 2005, KamLAND showed the first experimental study of geo ν e 's [2] , and the observed rate was consistent with Earth model expectations. Later the geo ν e measurement was improved owing to statistical increase and radioactive background decrease by a factor of ∼20 after the LS purification [3] . It allowed us to estimate our planet's radiogenic heat production and constrain composition models of the bulk silicate Earth (BSE). In September 2011, KamLAND started the neutrinoless double beta-decay search with a ββ source suspended at the center of the detector (KamLAND-Zen [4] ), but the ν e measurement continues in the outer region of the LS.
March 2011 Earthquake
The latest KamLAND result [5] is based on the analysis of 8. Figure 1 shows the time variation of the observed rate of ν e 's with energies above 3.4 MeV in agreement with the expectations, mainly from commercial nuclear reactors. The ν e rate in Period 3 is remarkably smaller than other periods, because of the long-term shutdown of Japanese reactors in a recent review of nuclear safety standard after March 2011 earthquake. It provides a new opportunity of the "Reactor on-off" study for neutrino oscillations and geo ν e 's below 3.4 MeV.
Figure 2 (left) shows the KamLAND observed energy spectrum in the energy region of geo ν e 's. In the top panel, the background-subtracted spectrum is compared with the expectation of 238 U and 232 Th contributions based on the geological reference model [6] . The largest background contribution comes from the reactor ν e , and it limits the sensitivity on the geo ν e flux. Under this circumstances, the number of geo ν e events and reactor ν e events associated with neutrino oscillation parameters are simultaneously determined in the spectral fit, however, the reactor ν e spectrum with neutrino oscillations is mainly constrained by the higher energy data and solar neutrino oscillation data. Assuming the Th/U mass ratio of 3.9 based on the geochemical model [7] , the total number of U and Th geo ν e events is fitted to be 116 +28 −27 , which corresponds to an oscillated ν e flux of 3.4
6 cm −2 s −1 at the KamLAND location. In addition to the energy spectrum, owing to the significant change of the reactor ν e flux, the event time information is also useful to discriminate the geo ν e and reactor ν e , and it was incorporated in the fit. The data during the low reactor ν e flux (Period 3) is highlighted in Figure 2 (right). While the statistical power is limited currently, the accumulation of such low background data is expected to be effective for more precise determination of the geo ν e flux and relative contributions from U and Th in the future.
Borexino is located in Gran Sasso, Italy, and has a target LS mass of 278 ton, which is smaller than KamLAND, but has an advantage in the smaller ν e background from surrounding reactors. The latest Borexino result [8] is based on the analysis of 3.70 year livetime. The exposure of target-proton is smaller than the KamLAND result [5] by a factor of 13. Based on the energy spectral fit, the total number of U and Th geo ν e events is estimated to be 14.3 ± 4.4 assuming the Th/U mass ratio of 3.9. Currently, the observed fluxes at KamLAND and Borexino are consistent within the uncertainties.
Earth Model Comparison
The measured geo ν e fluxes can be compared with the Earth model predictions. The KamLAND data [5] tested three BSE compositional estimates of geo ν e flux at Kamioka and radiogenic heat from 238 U and 232 Th [9] , as shown in Figure 3 . The upper solid line with a steeper slope corresponds to the estimate in the homogeneous mantle assumption and the crustal model based on [6] . With these assumptions, the measured geo ν e flux can be converted into a total radiogenic heat of 11.2 +7.9 −5.1 TW from U and Th (additional ∼3.0 TW is expected from other radioactive nuclei). It supports that the radiogenic heat is smaller than the heat flow of 47 ± 2 TW from Earth's surface [10] , indicating secular cooling of the Earth, and this is an answer to the question (2). Among three model predictions, the highest radiogenic heat is predicted by geodynamical models which support single layer convection of the mantle, and the KamLAND data disfavor the geodynamical models with the homogeneous hypothesis at 89% C.L., but still consistent within ∼2σ C.L. Currently, cosmochemical and geochemical models based on different assumptions of the primitive meteorite are consistent with the data within ∼1σ C.L.
The ν e data can also test the hypothesis of a natural reactor (geo reactor) in the Earth's core [11] , related to the question (5) . Similar to the geo ν e flux estimation described above, the normalization of the geo reactor ν e spectrum is evaluated by the fit. Based on the same data sets with geo ν e analyses, KamLAND and Borexino data give upper limits on the reactor power of <3.7 TW [5] and <4.5 TW [8] at 95% C.L., respectively.
Conclusion
Recently, the improved measurements of geo ν e fluxes in KamLAND and Borexino are presented. The observed fluxes are still consistent with the expectations from all BSE composition models, so a better measurement precision is necessary to discriminate between different models. In this work, the combined analysis of the multi-site measurements at KamLAND and Borexino data is absent, but such analysis considering geological correlations between the two data should be projected. If more multi-site data at different geological locations become available in the future, the combined analysis may be useful to construct a detail map of neutrino sources inside the Earth. For the purpose of the development in neutrino geoscience, a collaborative work by physicist and geoscientist is essential.
